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Significant progress has been achieved in fabricating high quality bulk and thin-
film iron-based superconductors. In particular, artificial layered pnictide 
superlattices1,2 offer the possibility of tailoring the superconducting properties 
and understanding the mechanism of the superconductivity itself. For high field 
applications, large critical current densities (Jc) and irreversibility fields (Hirr) are 
indispensable along all crystal directions. On the other hand, the development of 
superconducting devices such as tunnel junctions requires multilayered 
heterostructures. Here we show that artificially engineered undoped Ba-122 / Co-
doped Ba-122 compositionally modulated superlattices produce ab-aligned 
nanoparticle arrays. These layer and self-assemble along c-axis aligned defects3–
5, and combine to produce very large Jc and Hirr enhancements over a wide 
angular range. We also demonstrate a structurally modulated SrTiO3 (STO) / Co-
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doped Ba-122 superlattice with sharp interfaces. Success in superlattice 
fabrication involving pnictides will aid the progress of heterostructured systems 
exhibiting novel interfacial phenomena and device applications. 
 
Since the discovery of iron-based superconductors6–11, epitaxial thin films have been successfully 
grown by many groups3,12–18 and they have significantly advanced potential device applications 
and the understanding of the fundamental physical properties of these new superconductors.12,19–
25 In particular, we reported high quality Co-doped BaFe2As2 (Ba-122) single crystal thin films 
using template engineering which generated c-axis aligned, self-assembled, second phase 
nanorods3–5 as schematized in Fig. 1a. These nanorods yielded strong c-axis pinning centres that 
enhance the in-field critical current density, Jc. The c-axis pinning was so strong that actually it 
was able to invert the usual irreversibility field anisotropy in which Hirr parallel to the ab-plane is 
1.5-2 times that parallel to the c-axis. This motivated us to consider using multilayer growth 
methods to enhance the ab-plane properties since high field applications prefer to enhance Jc in 
all field configurations, as sketched in Fig. 1c. We note that no study of artificially controlled 
flux pinning for pnictide superconductor has yet been reported, while many investigations of Jc 
and irreversibility field (Hirr) enhancement by nanoparticle incorporation have been performed in 
the high Tc cuprate superconductor YBa2Cu3O7-x (YBCO) like that using YBCO/Y2BaCuO5 and 
YBCO/BaZrO3 multilayers26,27. But every material system is different and it is striking that 
pinning engineering has not yet been demonstrated in either the Bi-2212 or Bi-2223 systems or 
even the most classical high field superconductor, Nb3Sn, even though it is very possible and 
valuable in YBCO. This motivation underpinned our studies of this Fe-based superconductor 
system. A major difference between YBCO and Fe-based superconductor systems is that Fe-
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based superconductors are metallic and it thus seemed questionable whether insulating epitaxial 
oxide pinning centers grown parallel to the ab-planes could be incorporated without suppressing 
the superconductivity of the Ba-122 matrix. We were at first doubtful that multiple epitaxial 
layers of a Ba-122 metal phase and an oxide phase could be grown with high crystalline 
perfection since they might have been structurally and chemically incompatible but in fact we 
here demonstrate that structurally and compositionally modulated superlattices of oxide can be 
grown in the matrix of a Ba-122 metallic system, a result which is significantly different from 
the YBCO oxide superconductor system, where both the oxide matrix and the pinning phase are 
structurally and chemically compatible. We see that this enables strong vortex pinning and opens 
up the possibility of growing superconducting superlattice structures (schematized in Fig. 1b) 
that can be used as a means for understanding fundamental mechanisms of superconductivity and 
development of superconducting devices such as pnictide tunnel junctions.  
Taking account of the metallic properties of Ba-122 which does not contain oxygen and is 
easily compromised by impurities, we narrowed down the possible interlayer to two different 
types of model superlattice structure. Since in our previous work3, we found that a divalent, 
alkaline earth element-containing oxide like SrTiO3 (STO) is an excellent platform on which to 
grow Co-doped Ba-122 thin films due to their common features, STO was our first choice. This 
led to a structurally modulated superlattice with sharp interfaces, devoid of c-axis defects. The 
second choice of interlayer was undoped Ba-122 made from an oxygen-rich, Co-free 122 target 
(O-Ba-122) where the interlayer has a similar structure but slightly different lattice parameter. 
This led to compositionally modulated O-Ba-122 / Co-doped Ba-122 superlattice. Our 
hypothesis was that oxygen-rich undoped Ba-122 would facilitate the formation of strong 
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pinning, oxygen-rich precipitates along the ab-planes, just as it had for the c-axis pins in single 
layer films of Co-doped Ba-122. 
With this approach, we have successfully grown epitaxial superlattices of STO1.2 nm / 8 % 
Co-doped Ba-12213 nm and O-Ba-1223 nm / 8 % Co-doped Ba-12213 and 20 nm on 40 nm STO 
templates deposited on (001) (La,Sr)(Al,Ta)O3 (LSAT) single-crystal substrates by using pulsed 
laser deposition. We varied the thickness of the bilayer (modulation wavelength = Λ) and the 
total number of bilayers (n). Their structural and superconducting properties are listed in Table 
SI in supplementary information. To focus on the key points, we discuss here only (STO1.2 nm / 
Co-doped Ba12213 nm) × (n=24) superlattice (hereafter referred to as STO SL) and (O-Ba-1223 nm 
/ Co-doped Ba12213 nm) × (n=24) superlattice (hereafter referred to as O-Ba-122 SL). 
The epitaxial crystalline quality and modulation wavelength (Λ) of the superlattices were 
determined by four-circle x-ray diffraction (XRD) with a Cu Kα source (λ = 1.5405 Ǻ). Figure 
2a shows the θ -2θ scan of the STO SL. The XRD pattern shows that Co-doped Ba-122 00l 
reflections dominate, which indicates c-axis epitaxial growth normal to the STO template and 
LSAT substrate. Figure 2c is a magnification of Fig. 2a close to the 002 reflection of the STO 
SL which clearly shows satellite peaks with calculated modulation length Λ = 14 nm ± 2 nm the 
same as the nominal Λ. Rocking curves for the 004 reflection were measured to determine the 
out-of-plane mosaic spread and crystalline quality. As shown in Fig. 2d, the full width at half 
maximum (FWHM) of the 004 reflection rocking curve of STO SL is 0.97o. Furthermore, the 
STO SL exhibits strong and sharp peaks (∆ɸ = 1.1o) only every 90o in the azimuthal phi scan of 
the off-axis 112 reflection of Co-doped Ba-122 (Fig. S1a) revealing a good in-plane epitaxy. 
These results confirm the excellent epitaxial arrangement, even though as many as 24 STO / Co-
doped Ba-122 bi-layers were grown. 
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Figure 2b is the θ -2θ scan of the O-Ba-122 SL and it shows excellent c-axis epitaxial 
growth. Fig. 2d shows the FWHM of the 004 reflection rocking curve of O-Ba-122 SL to be as 
narrow as 0.26o, which is far superior to the STO SL and even better than other reports about 
single layer Ba-122 thin films13,16. Furthermore, as shown in Fig. S1, the azimuthal phi scan of 
O-Ba-122 SL shows much sharper peaks (∆ɸ = 0.69o) than the STO SL. The reason why O-Ba-
122 SL has superior crystalline quality is that O-Ba-122 and Co-doped Ba-122 are structurally 
identical, differing only by the 8% cobalt addition. Since the atomic scattering factors of Co and 
Fe are very close it would be exceedingly difficult to see any satellite peaks by x-ray diffraction.   
To investigate the microstructure of STO and O-Ba-122 SLs, transmission electron 
microscopy (TEM) was used. Figure 3a, b show cross sectional low and high magnification 
high-angle annular dark field (HAADF) images of STO SL. In Fig. 3a, bright and dark layers 
correspond to 13 nm Co-doped Ba-122 layer and 1.2 nm STO layer, respectively. We can clearly 
see that there are 24 STO / Co-doped Ba-122 bi-layers and Λ is 14 nm in accordance with our 
design and the modulation wavelength determined by x-ray diffraction. Furthermore, 3 unit-cell-
thick STO interlayers have been uniformly grown on the Co-doped Ba-122 layer as shown in Fig. 
3b. This indicates that we can control the thickness of the STO interlayer with single unit-cell 
precision and maintain a sharp interface between STO and Co-doped Ba-122. A schematic of the 
<100> projection of Co-doped Ba-122 and STO at the interface is shown to the right of Fig 3b, 
where the bonding of the FeAs layer to the SrO layer in STO is quite evident, in excellent 
agreement with the hypothesis we previously proposed3. 
          Figure 3c is a cross-sectional TEM image of the O-Ba-122 SL, which clearly shows 24 
bilayers and the modulation wavelength Λ=16 nm. The planar view TEM images (Figure 3d) 
exhibits c-axis aligned defects as we observed in the single layer Co-doped Ba-122 in our 
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previous reports4,5. The first interesting point is that the interface O-Ba-122 layers have grown as 
laterally aligned but discontinuous second phase nano particles of several nm size. Presumably, 
island growth of the oxygen-containing second phase is energetically favourable due to the small 
lattice mismatch with the Co-doped Ba-122 SL. Similar discontinuous growth was observed with 
YBa2Cu3O7/ YBa2CuO5 multilayers26. The second interesting point is that the O-Ba-122 SL has 
c-axis defects extending across many ab-axis aligned nano particle arrays, while the STO SL 
does not have such c-axis aligned defects. We infer that oxygen which is needed to produce the 
c-axis aligned defects is absorbed by the STO interlayers under our high-vacuum, high-
temperature growth conditions. The structure of the O-Ba-122 SL is thus akin to Fig. 1c which is 
more desirable than the structure of the STO SL (Fig. 1b) for flux pinning, since the O-Ba-122 
SL has structural defects in both c- and ab-axis directions. Strictly speaking, the actual 
morphology of O-Ba-122 SL is close to Fig. 1c with nanoparticles rather than a continuous 
bilayer interface. 
       To characterize the superconducting transition temperature Tc, resistivity was measured as a 
function of temperature (ρ-T) by the van der Pauw method. As shown in Fig. 4 the residual 
resistivity ratio (RRR) of the O-Ba-122 SL (1.7) is slightly lower than that of the STO SL (2.2). 
In the inset of Fig. 4, O-Ba-122 SL shows high Tc, ρ=0 = 22.9 K, and narrow ∆Tc of 1.1 K, which 
indicates the good quality of these layered films even in the presence of significant lateral 
second phase. By contrast, Tc, ρ=0 of the ultrathin layers of STO SL is suppressed to 17.0 K. 
Evidently, compatibility between the O-Ba-122 and Co-doped Ba-122 is better than that between 
STO and Co-doped Ba-122. Figure 4 also indicates a Tc, ρ=0 of 20.5 K for ~400 nm thick single 
layer Co-doped Ba-122 film5 deposited on 40 nm STO/LSAT.  
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In order to understand the effect of this nanostructural engineering on Jc and Hirr we made 
extensive characterizations at various temperatures, fields and field orientations to the crystal 
axes. Figure 5a shows Jc(H) for H//c at 4.2K far from Tc. It is immediately clear that the two 
samples with c-axis nanorod pinning defects have much higher Jc(H) and Hirr(T). The influence 
of the ab-plane defects is revealed in Fig. 5b where the Jc anisotropy for the O-Ba-122 SL and 
Co-doped Ba-122 single layers at 16K for perpendicular (H//c) and parallel (H//ab) 
configurations is compared. Despite these data being affected by their Tc differences (the O-Ba-
122 SL has a higher Tc, consistent with its higher Jc), both samples have the same Hirr~11T for H 
parallel to the c-axis, a result consistent with the lower density of c-axis pinning centres in O-Ba-
122 SL compared to the single layer Co-doped Ba-122. But the really striking result is that the 
inverted Hirr anisotropy seen for the single layer film with only c-axis defects (Hirr for H//ab is 
less than for H//c) is corrected when ab-plane pins are present in the O-Ba-122 SL film. It is 
clear that Hirr for H//ab (Hirr,ab) of O-Ba-122 SL is approximately doubled from 9 to ~19 T, 
restoring the expected anisotropy of Hirr and Jc(H) without any degradation to the c-axis 
properties. This enhancement is due to the presence of the ab-plane aligned nanoparticles in the 
O-Ba-122 SL shown in Fig. 3.  
The angular transport Jc of the STO SL, O-Ba-122 SL, and Co-doped Ba-122 single 
layer3–5 shown in Fig. 5c evaluated at a constant reduced temperature T/Tc ~0.6 provides further 
insight into the pinning effects of the nanoparticles. The Co-doped Ba-122 single layer3–5 shows 
only the strong c-axis pinning produced by the correlated, self-assembled nanopillars, while the 
Jc of the STO SL shows only a sharp, few-degrees wide peak when the magnetic field is aligned 
with the ab-plane STO superlattice. The Jc(θ) of O-Ba-122 SL is higher than the other two 
samples and shows both strong ab-plane and c-axis peaks, which is quite consistent with the ab-
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plane aligned second-phase nanoparticles of the bilayer and its c-axis aligned defects, seen in Fig. 
3c and d. Very strong pinning in fields up to 45 T has been reported elsewhere28.   
In summary, we have grown artificially layered superlattice structures in Co-doped Ba-122 
thin films with controlled structural and compositional modulations. The insertion of O-Ba-122 
layers allows nanoparticle formation that introduces strong vortex pinning along the ab-planes 
while still allowing the formation of vertically-aligned defects. The remarkable enhancement of 
the pinning properties over a wide angular range related to the ab-plane nanoparticles is 
highlighted by the significant increase of the irreversibility field and by much improved Jc. The 
engineered structures presented here are surely capable of further refinement by optimizing 
interlayer separation and the composition of the vortex pinning layers features which cannot be 
obtained in single layer films. The successful growth of such high quality artificially layered 
structure will have wide implications for achieving new interface-driven high Tc 
superconductivity29 and potential device applications involving SNS and SIS junctions30. 
Furthermore, artificially made multilayer structures can also be used as model systems to study 
many physical phenomena such as dimensionality, proximity effect and interface pinning.  
 
Methods 
(1.2 nm STO or 3 nm O-Ba-122 / 13 nm and 20nm Co-doped Ba-122) × n superlattice thin films 
were grown in-situ on STO - templated (001) oriented LSAT single-crystal substrates using 
pulsed laser deposition (PLD) with a KrF (248 nm) UV excimer laser in a vacuum of 3 × 10-4 Pa 
at 730 ~750 oC. The base pressure before deposition was 3 × 10-5 Pa, and the deposition took 
place at 3 × 10-4 Pa due to degassing of the substrate heater. Laser triggering, ablation time, and 
target rotation were automatically controlled by computer program during the superlattice 
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deposition. It took 5 seconds to change the target position and laser triggering between the Co-
doped Ba-122 and O-Ba-122. The magnetization of films that were about 2 mm x 4 mm was 
measured in a 14 T Oxford vibrating sample magnetometer (VSM) at 4.2K with the applied field 
perpendicular to the film surface. For a thin film, Jc = 15∆m/(V r), where ∆m is the width of the 
hysteresis loop in emu, V the film volume in cm3, and r the radius corresponding to the total area 
of the sample size, and was calculated from πr2 = a x b (a and b are the film width and length in 
cm, respectively). 
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Figure Captions 
 
Figure 1.  Schematics of various structures of superconductor epitaxial thin films. a, 
superconductor thin film with defects along c-axis  b, superlattice structure (di = 
thickness of an insertion layer, ds = thickness of a superconductor layer, Λ 
(modulation wavelength) = di + ds, n = total number of bilayers) c, superlattice 
structure with defects along c-axis  
 
Figure 2.  XRD patterns obtained on O-Ba-122 inserted and STO inserted Co-doped 
BaFe2As2 superlattices a, Out-of-plane θ-2θ XRD pattern of (STO1.2 nm/Co-doped 
Ba-12213 nm)×24. b, Out-of-plane θ-2θ XRD pattern of (O-Ba-1223 nm/Co-doped Ba-
12213 nm)×24. c, Magnified at near 002 reflection of (STO1.2 nm/Co-doped Ba-12213 
nm)×24. d, Rocking curves and FWHM for (004) reflection of two superlattices.  
 
Figure 3.  Microstructure of Co-doped BaFe2As2 superlattices thin films investigated by 
TEM. a-b, HAADF image of the <100> projection of  (STO1.2 nm/Co-doped Ba-12213 
nm)×24. c, Cross-sectional TEM image of the <100> projection of (O-Ba-1223 nm/Co-
doped Ba-12213 nm)×24. Arrows indicate nano particle arrays in the O-Ba-122 layer 
along ab-axis.  d, Planar view TEM image of (O-Ba-1223 nm/Co-doped Ba-12213 
nm)×24 showing vertical defects along c-axis. Inset shows the high resolution image 
of vertical defects.    
 
Figure 4.  Resistivity as a function of temperature.  ρ(T) from room temperature to below Tc. 
Inset figure is superconducting transition of all films.  
 
Figure 5.  Jc as a function of magnetic field.  a, Magnetization Jc as a function of  magnetic 
field at 4.2K with the field applied perpendicular to the plane of all three films. b, 
Transport Jc as a function of magnetic field at 16K with the field applied 
perpendicular and parallel to the plane of (O-Ba-1223 nm/Co-doped Ba-12213 nm)×24 
and Co-doped Ba-122 single layer thin films. c, Angular dependence of transport Jc at 
4T for all three films at a reduced temperature of T/Tc = ~0.6.  
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Table SI.  Crystalline quality and superconducting properties of various (STOx nm / Co-doped 
Ba-122y nm and O-Ba-122x nm / Co-doped Ba-122y nm) Ý n superlattices.  As a 
comparison, the properties of single layer Co-doped Ba-122 thin film are also shown.  
FWHM of rocking curves of Co-doped Ba-122 (004) reflections are shown as 
measures of the crystalline quality. Tc, ɋ=0, ˭Tc, and magnetization Jc characterize the 
superconducting properties. 
0.596
0.263
0.233
0.300
0.296
0.051
Jc (4.2K, 10T)
(MA/cm2)
2.901.920.50.55Single layer Co-doped Ba-122ref1,2
3.44
3.35
3.20
3.73
3.39
Jc (4.2K, SF)
(MA/cm2)
1.322.50.31(O-Ba-1223 nm/ Co-doped Ba-12220 nm)X24
1.022.40.35(O-Ba-1223 nm/ Co-doped Ba-12220 nm)X16
1.022.90.26(O-Ba-1223 nm/ Co-doped Ba-12213 nm)X24
0.922.30.27(O-Ba-1223 nm/ Co-doped Ba-12213 nm)X16
2.017.00.97(STO1.2 nm/ Co-doped Ba-12213 nm)X24
Tc 
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Tc,=0 
(K)
FWHM ˭ɓ
(o)
Co-doped Ba-122 thin films on
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Figure S1.  Azimuthal  scan and  of the off-axis 112 reflection of a, (STO1.2 nm/Co-doped 
Ba-12213 nm)Ý24.  b, (O-Ba-1223 nm/Co-doped Ba-12213 nm)Ý24 superlattices 
  




Figure S2. The comparison of (a) the HRTEM and (b) high angle annular dark field (HAADF) 
images of self-assembled c-axis columnar defect in the same Co-doped Ba122 single layer thin 
film grown on a SrTiO3/LSAT substrate.  It is clear that the HAADF image shows a much better 
contrast between the 2nd phase and Ba-122 superconducting matrix and the detailed structure 
can be clearly seen.    
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